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1. Introduction 

The results from the last days of the running of LEP, which suggest that the mass 
of the Higgs scalar is around 115 GeV, has further enhanced the expectation that 
supersymmetry is realized in Nature JI], E§- A Supersymmetric extension of the 
Standard Model is the only known scenario which can stabilise the effective potential 
whilst maintaining the experimental limits on the gauge-boson masses || , as well as 
providing the possibility for a scenario of Grand Unification with a natural heirachy. 

Nevertheless, a confirmation of supersymmetry can only result from the exper- 
imental identification of supersymmetric partners. The cleanest signal comes from 
the fermionic superpartners of the gauge bosons and Higgs bosons, the charginos 
and neutralinos. Regrettably LEP produced no evidence whatsoever for the exis- 
tence of such particles and their existence is expected to be confirmed or negated 
by the next generation of hadron colliders. Notwithstanding this, the cleanest signal 
is still expected from electron-positron colliders and as such a possible future linear 
collider has an important role to play in the identification and study of fermionic 
superpartners. 

The production cross-section for these superpartners is sensitive to the param- 
eters of the supersymmetry extension. Conversely, a study of the production cross- 
section can be used to deduce information about the supersymmetry parameters. As 
has been shown by Choi. et. al. [|j], even more information can be gleaned from 
the study of cross-sections in which both the initial electron and positron beams are 
polarized and the spin polarization of the final state fermion is also measured. 
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The polarized cross-section was studied in detail at the tree-level in [[|. It is 
known, however, || || that at least for certain regions of parameter space, the higher 
order corrections to the production cross-section can be substantial and they are also 
sensitive to supersymmetry breaking parameters such as the squark masses, which 
do not enter into the tree-level calculation. 

Recently Blank and Hollick ]7| have reported on a complete calculation of the 
higher order corrections to the forward-backward asymmetry in the case of polarized 
electron and positron beams, but did not consider the polarization of the final state 
fermions. 

Reports of numerical calculations for higher order corrections are undoubtedly 
very useful, but in the case of supersymmetric theories they inevitably refer to a 
particular set of parameters and need to be entirely repeated should one wish to 
calculate the effect of higher order corrections in a different part of parameter space. 

For this reason we present in this paper the contributions to the polarized scat- 
tering amplitudes from all the one-loop prototype diagrams that can occur in a 
supersymmetric extension of the Standard Model. A prototype diagram is defined 
by the spins of the internal particles of the loop and we present the results in terms 
of the Veltman-Passarino functions [§] for completely general values of the couplings 
and masses of the internal particles. The formulae presented in this paper can be 
applied to polarized chargino or neutralino production in electron-positron annihila- 
tion, or indeed to any process in which a pair of massive fermions is produced and 
their polarization measured. 

Although the total correction to the cross-section is inevitably gauge invariant, 
the contribution from individual graphs is not, and we work consistently in the 't 
Hooft-Feynman gauge, in which a gauge boson with momentum k and mass M has 
the propagator 

(k 2 — M 2 ) ' 

Some of the Veltman-Passarino functions are ultraviolet divergent. It is assumed 
that these divergences have been regulated using dimensional regularization. On the 
other hand the renormalization scheme is, in general, unspecified and is reflected in 
the precise value assigned to the finite parts of the ultraviolet divergent Passarino- 
Veltman functions. Mass renormalizations of self-energy insertions are physical (i.e. 
the renormalization has been affected on mass-shell) and physical wavefunction renor- 
malization has been carried out for the external particles. 
The mass of the electron is neglected throughout. 

The paper is organized as follows: In section 2 we discuss the general formalism 
for the calculation of the polarized scattering amplitudes in terms of a set of coefficient 
functions Q.L(R)i,j, which are a generalization of the coefficient functions used in || 
for the tree-level calculation. These coefficient functions multiply matrix elements of 
various Dirac-matrix structures, some of which have been relegated to Appendix A. 
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In section 3, we discuss the contribution to these coefficient functions from self-energy 
and vertex-correction graphs in terms of the more familiar language of form-factors. 
The relations between the form-factors and the coefficient functions is given. The 
detailed contributions from the various prototype graphs to the self-energies are given 
in Appendix B, to the vertex corrections in Appendix C, and to the box-diagrams, 
which must be expressed directly in terms of the coefficient functions, in Appendix 
D. In section 4 we present our conclusions. 



2. Generalized polarized scattering amplitudes 

In this section we restrict our discussion to charginos, although it can be equally 
applied to neutralino production. 

We write the scattering amplitude for an electron with helicity a = R, L and 
momentum pi, and a positron of opposite helicity and momentum p 2 into a (positively 
charged) chargino of mass m Xb with momentum k 2 and helicity A2 and a (negatively 
charged) anti-chargino of mass m Xa , momentum k\ and helicity Ai as 

= - s L»Q; a (k2,\2\r\k l ,\ l ).. (2.1) 

These amplitudes are normalized as in [|]], such that the differential cross-section is 
given by 

da(a,X 2 ,\ 1 ) X 1 / 2 (s,m 2 Xa ,m 2 Xb ) 



A2,Ai 



[2.2) 



dcosO 128 7r s 

where 

X(x, y, z) = x 2 + y 2 + z 2 — 2xy — 2xz — 2yz 

The contribution from any Feynman graph to such an amplitude can always be 
expressed in this form by making a suitable Fierz transformation where necessary. 
Here is the leptonic matrix element 



L R{L) = v(P2h» {1 ^u( Pl ). 

Since the leptons are considered to be massless these two are the only possible struc- 
tures for the lepton factor. On the other hand the chargino factor is the sum of 
matrix elements of five possible 7— matrix structures Tj, i — 1- • -5 are given by 

(1 + 7 5 ) 



r 1 
r 2 



r 3 = 7 



2 

:i-7 5 ) 
2 

,(l + 7 5 ) 
2 



r4 = 

' 2 

T 5 = -ia up (2.3) 
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The coefficients Q l ^ a are tensors which can be reduced to the following structures, in 
terms of scalar quantities Q.L(R)i,j, j = 1,2, as follows 



Ql(r)i — 


Q L (R)i kH 




Ql(R)2 = 


Ql(r)2 k u _ 




^L(R)3 — 


Q.L(R)3,1 g pv 


+ Ql(R)3,2 fc- f 


(1^ - 
^L(R)4 ~ 


QL(R)4,l9^ 


+ QL(R)4,2^p U 


n nvp _ 
VL(fi)5 _ 


Quasar 


f ~ lQ,L { R)^2^ VPT 



Pr, (2.4) 

where kt = (k^ — fc 2 ) and p M = (p± — p 2 )- Any other structure can be expressed 
in terms of the above quantities, by exploiting the fact that the leptonic current is 
conserved and that the matrix elements of P are taken between on-shell chargino 
states. We note here that at the tree level, only Ql(r)3,i and Ql(r)4,i are non-zero. 
Furthermore Q L ( R )3,2, Ql(R)4,2, Ql(r)5,i and Q L (r)5,2 do not occur in self-energy or 
vertex correction graphs, but only arise when boxes are taken into consideration. 

We express the contributions to the scattering amplitude multiplying the scalar 
quantities Q,L(R)i,j, using the following notation: 

k is the 3-momentum of the \ in the CM. frame and 6 is the scattering angle in the 
CM. frame, i.e. the angle between the incident electron and the final-state x~ ■ We 
define further: 



/+ = ^J(s-ml a -ml b ) + 2kyG (2.5 

/- = y/(3-ml a -ml)-2ky/I (2.6 
The scattering amplitude contributions from each of the Q.L(R)i,j are given by 

- Ql(r)i j 2v/ ^_ Sm 6 (f_5x 2+ S\ 1+ + /+£a 2 -£ai-) j , (2.7 

_ f 2\^2 k sin 9 , „ _ , . . ,] , n n 

Ql( R )2 {^7^ — + f-K-K-)\ , (2.8 

- Q R ,3,i{ 2k ^ 6 MR, A 2 , Ai) - a 2 (R, A 2 , AO) - 2 a 4 ((R, A 2 , Ajj , (2.9 

- Ql, 3 ,i { 2k *^ 9 MR, A 2 , Ai) - a 2 (R, A 2 , Ax)) + 2a A ((R, A 2 , A x ) J , (2.10 

- Qr { l),3,2 |^-^a 3 ( J R, A 2 , AO | , (2.11 

- Qfl.4,1 \ 2k ^ 9 ML, A 2 , AO - a 2 (L, A 2 , AO) - 2a 4 ((L, A 2 , A x ) J , (2.12 

- Qlai {^7^ ML, A 2 , AO - a 2 (L, A 2 , AO) + 2 a 4 ((L, A 2 , A x ) J , (2.13 
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\ Ak sing . \ 
y«(L),4,2 j — ^ — a3(A A 2 , AiJ > , 



Q fl) 5,i|v^(/ + -/-) sing °A 2 Ai 



+ K " /* xJ (cosflsgn^) + l)5 A2 ,_ Al 

V s 



(2.14) 



(2.15) 



Qwjv^ (/+-/-) 



sin £ AaAl 



+ Ka r mxb) (cosgsgn(A 1 ) - l)^,_ Al 



(2.16) 



Q R ,5,2^V2 (/+ + /_) 



sin6»5 A2Al sgn(Ai) 



(m Xa + m x J 



(costf + sgn(Ai))5 A2i _ Al 



(2.17) 



Q L ,5, 2 |2v^ (/+ + /_) 



sing5 A2Al sgn(Ai) 



(m Xa + m x J 



(costf - sgn(Ai))5 A2i _ Al 



(2.18) 



The amplitudes, a,i(a, A 2 , Ai), , (i — 1 • • -4) and ^((ce, A 2 , Ai) are given in Appendix 
A. 



3. Self-energy and vertex corrections 

The coefficient functions, Q.L(R)i,j, which acquire contributions from self-energy in- 
sertions and triangle graphs are best treated in terms of form-factors, which replace 
point-like vertices in the tree-level contributions that arise either from a graph in- 
volving an exchange in the s— channel of a vector boson, or the t— channel exchange 
of a scalar particle ( a sneutrino in the case of chargino pair production from electron- 
positron annihilation). 

We write the general vertex for a vector boson coupling to an anti-fermion mo- 
mentum fermion with (on-shell) momenta k\ and fc 2 respectively, as 



:i-7 5 ) 



Note that the form-factors F£ , F k are absent at tree-level. 
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The Yukawa coupling of fermions to a scalar particle is given by 

F~ 



, ± (1±7 5 ) 



for right- (left-) handed incoming fermions respectively. 

Thus the contributions to the coefficient functions from the exchange of a vector 
boson of mass My in the s— channel are: 

AQ L (R)3,1 = 9L(R) ^ _ M 2) F + (V)' 
AQl(r )4 ,1 = 9l(r)^ s _ M 2j F 0(V)> 
AQ L (fl)l = ^(K)( s _ M 2) F fcV)' 

AQ L(iJ)2 = g L (R) ^ _ M 2) F fc>)' 

where <7l(.r) is the coupling of the left- (right-) handed electrons to the vector boson. 

Upon performing a Fierz transformation, the contributions to the coefficient 
functions from the exchange of a scalar particle of mass m„ in the t— channel, is 
given by 

ASi « = -\jr^) F ^- < 3 - 2) 

for a scalar particle that couples to left-handed incoming electrons and 

for a scalar particle that couples to right-handed incoming electrons. 

Note that Ff are the form-factors for an incoming electron and outgoing anti- 
chargino or anti-neutralino with helicities ±, whereas [Ff)^ are the form-factors for 
an incoming positron and outgoing chargino or neutralino with helicities ±, 

3.1 Self-energy insertions: 

The contribution to the form-factors Ff- from the self-energy of the scalar 

particle exchanged in the t— channel is given by 

AF > ~ — (T^g) — F » ■ (3 ' 4) 

For the exchange of a gauge-boson in the s-channel, we need to account for 
possible mixing at the one-loop level between a gauge-boson V and a gauge-boson 
V. The transverse part of the self-energy can be written in general as £yy/(s), and 
the contribution to the form-factors -^(v) ^ s gi ven by 
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^o(v) - {s-m*,) [ } 

The contribution to the form-factors from the self-energy of the charginos (or 
neutralinos) is more complicated owing to different one-loop contributions to left- 
and right-handed components and to the mixing between the different species of 
charginos (neutralinos). The was discussed in detail in |J. Here we reproduce the 
main results. 

The general self-energy of a chargino or neutralino of momentum p can be written 

as 

Z ab (p) = (At b (p 2 ) + B+(p 2 ) 7 ■ p) + (A~ ab (p 2 ) + B~ b (p 2 ) 7 ■ p) 

(3.6) 

where the suffix ab refers to an outgoing chargino (neutralino) of type a and an 
incoming chargino (neutralino) of type b. 

We denote F ±a to mean the form-factor involving a chargino or neutralino of 
type a (with mass m a ). 

The correction to the form-factors due to the self-energies of the external fermion 
is given by 

AF ±a = ^ [± {A+aa ~ m f aa) + Bt + m a (A^ + K: + m a (Bt: + fl"')) J F ±a 
i \- / m a A% + m b At b + m 2 a B% + m a m b Bt b \ F±0 

for the self-energy correction to a chargino (neutralino), and 

^F ±a = \ { ± {Ka 2 m f aa) + B ™ + m « K' + A ™ + m ^ + } F± " 

x . j m a At a + m b At a + m\Bf a + m a m b B^ | ±6 

for the self-energy correction to an anti-chargino (anti- neutralino). The / refers to 
the derivative w.r.t. p 2 and all the functions are taken at the point p 2 = m 2 . 

The contributions from the various prototype diagrams to the self energies, 

£yy, S a fe are given in Appendix B. 

3.2 Triangle graphs: 

The contributions to the form-factors, F , F k , Fp from the different possible 
triangle graphs are given in Appendix C. 

We note here that for a complete one-loop calcualtion, we also need to account 
for the form-factor of the vertex between the intermediate gauge bosons and the 



7 



incoming electron-positron pair. Since we neglect the masses of the leptons only the 
form-factors, F^ 1 are non-zero. The contributions to these are obtained form the 
vertex protoypes 5 - 8 by setting m Xa , m Xb = 0. 

4. Box graphs 

The contibutions to the coefficient functions Q,L(R)i,j from all the prototype box 
graphs are given in Appendix D. All box graphs contributing to the process under 
consideration can be expressed in terms of these prototypes or prototypes which can 
be obtained from them by the simple crossing relations t <-+ u, m Xa <-> m Xb . 

5. Conclusions 

In this paper we have presented explicit expressions for the contributions from all 
prototypes of one-loop corrections in terms of the Veltman-Passarino functions. The 
results are given in terms of general couplings and internal masses, so that they can 
be used in any model for the determination of the scattering amplitudes of polarized 
fermion pair production. 

The results are presented in two stages. Firstly, the helicity amplitudes are given 
in terms of a small number of coefficient functions, QuR)i,j, of various effective inter- 
action structures. Secondly the contributions from all prototype Feynman diagrams 
to these coefficient functions are given. 

There exist |§ relations between the Veltman-Passarino functions used in this 
paper, such that they can all be reduced to "scalar" types functions, AO, BO, CO and 
DO. We have chosen not to implement these relations in the expressions presented 
here. With the exception of cases in which some of the internal particles masses 
vanish, the expressions tend be be considerably longer when only this minimal set 
of functions is used. Instead, it is probably more efficient to implement these rela- 
tions at the point of numerical calculations. A FORTRAN library exists 110] for the 
numerical calculation of the Veltman-Passarino functions, but unfortunately these 
only calculate such functions with up to one power of the loop momentum in the 
numerator. We have written a set of FORTRAN subroutines which are to be used 
in conjunction with this library and can be used to calculate the Veltman-Passarino 
functions with up to three powers of loop momenta in the numerator (for the calcu- 
lation addressed in this paper only two powers of loop momenta are required). These 
routines are available upon request as well as a set of subroutines that calculate the 
contributions to the coefficient functions, Q,L(R)i,j, from all the prototype diagrams 
considered in this paper. 
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Appendix A 



The quantities a* (a, A2, Ai) used in eqs. (|2.9| - |2.14|) are given by 



Oi(a,A 2 ,Ai) = R{ aj(a, A 2 , Ai). 



(A.1) 



The 4x4 matrix, R, can be written in terms of the is the the matrix 3x3 



matrix, T as 



R 



1 



T 



sk 2 sin 2 9 I -k 2 sin 2 9 ' ' 



where 



T 



( -m 2 -k 2 cos 2 9 \s__-k 2 cos 2 

Xb A Zy S 

2 „„ n 2 a fccos0 



k 2 cos 9 —m 2 — k cos 9 



k cos 9 
\ 2^S b — 



Xa 

k cos 9 
2^ 



2^~s 



S+- 



S+- 



(A.2) 



(A.3) 



-k 2 J 



with s = s — m 2 — m 2 , s+„ = s + m 2 — m 2 , and s_+ = s — m 2 + m 2 . The 

Xa Xb ' 1 Xa Xb ' 1 Xa Xb 

quantities di(a, A2, Ai) are given (in four vector notation, i — 1 • • -4) by 



+ 



a(R,+,+ 
a(R,+ 
a(R, — 
a(R, — 
a(L,+ 
a(L,+ 
a(L, — 
a(L, — 



+ 



+ 



■^{m x J+, m x J_, (m Xa f + +m Xb f-) cos 9, 0) 



-±=(0, 0, v^Z-sin^, v^/_ 



V2 



(,m x J-, ™ X J + , -(m Xa f- + m Xb f + )cos9, 0) 



Ty|(- m xJ-> ~ m xJ+' ( m x./- +m x J+)cos^, 0) 



-^=(0, 0, VS/-sin0, -^i/L 

7^(0, 0, y/sf + am9, y/sfc 
1 



v/2 



(-%/+! - m xJ-' -(^Xa/++^xJ-) COS6 ' 5 0) ( A - 4 ) 



Note that the quantities a 3 (i?(L)(A 2 , Ai) of eqs. ( |2.11| , |2.14j ) are the third components 
of these vectors. 
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Appendix B 



Prototype self-energy graphs 

The self-energy corrections in a general supersymmetric theory have been consid- 
ered in detail in ||. For completeness, and to conform with the notation used in this 
paper, we repeat the results for the various self-energy prototype diagrams in this 
Appendix, in terms of the Veltman-Passarino functions, AO, BO, Bl, B21, B22, 
defined as 



dH 



(2vr) 4 (I 2 


— m 2 )((l + v] 


2 — ml) 


dH 


IP 




(2tt) 4 {I 2 


— mf)((Z + v] 


2 — m 2 ) 


dH 


I 2 




(2tt) 4 {P 


— m 2 )((l + v] 


2 - m 2 2 ) 


dH 


n a 





(2tt) 4 (I 2 - ml) ((I + v) 2 - m\ 



BO 

Blv p , 

AO (ml) + m\ BO 
g p°B22 + B21v p v a . 



(B.l) 



Scalar self-energy 



SELF-ENERGY PROTOTYPE 1 




Figure 1: Self-energy prototype graph 1. 



167T 2 AE p (t) = 4a6M, 



w 



B0-- 



(B-2) 
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SELF-ENERGY PROTOTYPE 2 




Figure 2: Self-energy prototype graph 2. 



167r 2 A£ 5 (t) = -ab [(t + mfj BO - 2tBl + AO 



(B-3) 



SELF-ENERGY PROTOTYPE 3 



m 2 



\ / 



Figure 3: Self-energy prototype graph 3. 



167r 2 A£*(t) = abM^BO 



(B.4) 



SELF-ENERGY PROTOTYPE 4 




Figure 4: Self-energy prototype graph 4. 



16vr 2 AS^(t) = -2{ad + bc) AO + mjBo + t Bl - 2 (oc + bd) m x m 2 B0 (B.5) 
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Vector self-energy 



SELF-ENERGY PROTOTYPE 5 




Figure 5: Self-energy prototype graph 5. 

a ii P o an( j £^ are usual triple gauge boson vertices with gauge couplings a 
and b respectively. The contribution from Faddeev-Popov ghosts has been added to 
this graph. 



167r 2 A£™(V) 



— ab 



2 

8 522 + 2 AO + (5 s + 2 mfj BO + 2 s 51 + - s 



(B.6) 



SELF-ENERGY PROTOTYPE 6 



m 2 




Figure 6: Self-energy prototype graph 6. 



16tt 2 AE vw (s) = abM^BO 



(B.7) 



SELF-ENERGY PROTOTYPE 7 



16tt 2 AEw,(a) = -4af>522 



fB.8) 
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m 2 



wvwwwvl 

a . 



Iwvwvww 



\ / 
x s mi y / 



Figure 7: Self-energy prototype graph 7. 



SELF-ENERGY PROTOTYPE 8 




c^P R + d 7 "P L ' 



Figure 8: Self-energy prototype graph 8. 



16vr 2 ASyy,(s) = 2 (ad + be) mim 2 B0 - 2 (oc + 6d) AO + m 2 50 +sSl - 2 522 

(B.9) 



Fermion self-energy 



SELF-ENERGY PROTOTYPE 9 



c^P R + d^P L 




a^P R + b^P L 



Figure 9: Self-energy prototype graph 9. 



16tt 2 AA + = -Abcm l 



B0-- 
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167T 2 AA~ 
16tt 2 AB h 
16tt 2 AB~ 



4 adrrti 



BO 



2ac 
2bd 



Bl 



B1 + 2 



(B.10) 



SELF-ENERGY PROTOTYPE 10 



cP R + dP L 




aP R + bP L 



Figure 10: Self-energy prototype graph 10. 



16tt 2 AA h 
16tt 2 AA h 
16tt 2 AB h 
167r 2 AB~ 



acrriiBO 
bdmiBO 
-bcBl 
— ad Bl 



(B.ll) 



Appendix C 

Prototype triangle graphs 

In this Appendix we give the expressions for the prototype triangle diagrams, 
with couplings indicated in the diagrams, in terms of the Veltman-Passarino func- 
tions, CO, Cll, C12,C21, C23, C24, These functions, with arguments v 2 ,t>|, (t>i + 
v 2 ) 2 , m 2 , mj, m\ are defined as 

dH 1 



— i 



— i 



(2<) 4 (P - 


m{){{l + v l ) 2 


- m 2 2 ) 


(l + v 1 + v 2 ) 2 


-mj) 


dH 




IP 






(2tt) 4 (I 2 - 


m 2 )((/ + ^) 2 


- mf) 


(l + v 1 + v 2 ) 2 


- ml) 


dH 




I 2 






(2tt) 4 {I 2 - 


m 2 )((/ + ^) 2 


- ml) 


(7 + t>i + v 2 ) 2 


-ml) 


dH 




P 1° 






(2tt) 4 {I 2 - 


mf)((/ + i;i) 2 


- ml) (I + vi + v 2 ) 2 


- ml) 



CO 

Cllv[ + C12< 
BO + m\ CO 



g pa C24 + C2lv[vl 
C22v p 2 v a 2 + C23 (y{v°\ + v p 2 v{) (C.l) 
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The arguments of the function BO are (t>| , m 2 ,, m§). 

For the form-factor of the scalar particles, exchanged in the t— channel, one 
substitutes, 0, rn Xa , (or m 2 ), t, for vf, v 2 , [v\ + v 2 ) 2 respectively, whereas for 
the vector-boson form factors one substitutes m Xa , m 2 , s for vf, v%, [v\ + V2) 2 
respectively. 

The contributions to the form-factors from each prototype vertex diagram are 
given below. Diagrams involving internal gauge-bosons are calculated in Feynman 
gauge. 



Scalar form-factor diagrams 



VERTEX PROTOTYPE 1 



cl^Pr + b^P L 




c^P R + d^P L 



in 



Figure 11: Vertex prototype graph 1. 



167r 2 AF r 7 = bde 



2 - ABO + 2 [m\ -t) (Cll + CT2) -4mJ C12j +2 bcem 3 m Xa C12 

(C.2) 



VERTEX PROTOTYPE 2 



167r 2 AF r 7 = ade 



BO + mjCO -tCYl + acem 2 m Xa [CO - C12] (C.3) 



VERTEX PROTOTYPE 3 



16tt 2 AF-~ = ade 



BO + m\C0 + 2 m\ a CY2 + (t - m 2 J ((712 + 2 Cll 



2 CO) 
(C.4) 
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eP L 



Pi 



a(pi -ki — l) 




crfP R + drfP L 



Figure 12: Vertex prototype graph 2. 

crfP R + drf»P L pi 




a(2 Pl - 2ki + I)m ^ J 7 * 3 



eP L 



Figure 13: Vertex prototype graph 3. 



VERTEX PROTOTYPE 4 



eP L 



Pi 



mi 



m 2 



aM 



w 



m 3 



cP R + dP L 



-ki 



Figure 14: Vertex prototype graph 4. 



167r 2 AF p _ = 2adeM w m 2 C0 - 2 ace M w m Xa C12 (C.5) 



For all the above prototype graphs, we obtain similar expressions for A(F 
with m Xa -> m Xb . 
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Vector form-factor diagrams 



VERTEX PROTOTYPE 5 



eP R + fP L 




cP R + dP L 



Figure 15: Vertex prototype graph 5. 



16tt 2 AF+ = acem Xb m 3 C12 + b d f ' m Xa m 3 C '11 

1 



+ acf 



2C24 - ~ + m\ a (Cll - C12 + C21 - C23) 

+ m 2 6 (C22 - C23) + s (C12 + C23)" 
+ bdem Xa m Xb [Cll — C12] — bcfmim 3 C0 
-adfm x m Xa [CO + Cll] - bcem x m Xb [CO + C12] 



(C.6) 



167r 2 AF = a c e m Xa m 3 Cll + b d f m Xb m 3 C 12 



+ 6«ie 



2C24 - - + m 2 a (Cll - C12 + C21 - C23) 
+ m\ b (C22 - C23) + s (C12 + C23)^ 



+ acfm Xa m Xb [Cll — C12] — ademim 3 C0 

- bcem x m Xa [CO + Cll] - adjm x m Xb [CO + C12] 



(C.7) 



16vr 2 AF fc + = acfm Xb [C22 - C23] + bdem Xa [Cll - C12 + C21 - C23] 



+ acem 3 C12 - bcem 1 [CO + Cll] 



(Ci 



16vr 2 AF^ =bdem Xb [C22 - C23] + acfm Xa [Cll - C12 + C21 - C23] 



+ bdfm 3 C12 - adf mi [CO + Cll] 



(C.9) 
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ci v Pr + dj„P L 



-fcl 



Figure 16: Vertex prototype graph 6. 



VERTEX PROTOTYPE 6 



16vr 2 AF n + = 2 ace 



2 C24 - 1 + m\ a (C21 - C23) 
+ m 2 (C12 - Cll + C22 - C23) + s(Cll + C23) 



- 2bdfm Xa m Xb [Cll - C12] - 2bcem 1 m 3 CQ 



(CIO) 



16vr 2 AF " = 2bdf 2C24 - 1 + m\ a (C21 - C23) 



+ m 2 (C12 - Cll + C22 - C23) + s (Cll + C23) 



2acem Xa m Xb [Cll — C12] — 2 a d f mim 3 C0 



(Cll) 



16ir 2 AF^ = 2bdfm Xa [C21 - C23] + 2acem Xb [Cl2 - Cll + C22 - C23] 



+ 2bcf mi [Cll - C12] + 2acfm 3 [Cll - C12] 



(C.12) 



16tt 2 AF A 7 = 2acem Xa [C21 - C23] + 2bdfm Xb [C12 - Cll + C22 - C23] 



+ 2adem 1 [Cll - C12] + 2bdem 3 [Cll - C12] 



(C.13) 



VERTEX PROTOTYPE 7 

a^ p is the usual triple gauge-boson vertex, multiplied by a gauge coupling, a. 



16^ 2 AF+ = ace 4C24 + 250 - 1 + 2m 2 C0 + m 2 a (2C0 + 4C11 - 3 C12) 

+ m 2 6 (C0 + Cll - 2C12) + s(3C12 - Cll - CO) 
+ 3adfm Xa m Xb [CO + Cll - C12] - 3 a c / m 2 m Xb C0 - 3adem 2 m Xa C0 (C.14) 
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erfPR + h v PL 




crfpp R + drfP L 



Figure 17: Vertex prototype graph 7. 



167r 2 AF - = adf 4C24 + 2 BO - 1 + 2m 1 C0 + m 2 a (2 CO + 4C11 - 3C12) 

+ 7774 (CO + Cll - 2C12) + s(3C12 - Cll - CO)" 
+ 3 a cem Xa m Xb [CO + Cll — C12] — 3 a d e m2m Xb C0 — 3acfm2m Xa C0 (C.15) 



167T 2 AF fc + = acem Xb [2C0 +2C11 - C12 - 2 C22 +2C23] 
+ adfm Xa [CO - Cll - 2C21 + 2 C23] - 3ac/m 2 [C0 - Cll + C12] (C.16) 



167r 2 AF fc - = adfm Xb [2 CO +2 Cll - C12 - 2 C22 +2C23] 
+ acem Xa [CO - Cll - 2C21 + 2 C23] - 3 a d e m 2 [CO - Cll + C12] (C.17) 



VERTEX PROTOTYPE 8 



eP R + fP L 



m 3 



'VWWWWAAAX 



m 2 



a (21 -ki- h)^ - J 711 



cP R + dP L 



-h 



Figure 18: Vertex prototype graph 8. 



16vr 2 AF+ = -2ac/C24 



(C.l* 
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167T AF ~ = - 2ade C24 (C.19) 

16tt 2 AF fc + = ac/m X6 [C22 - C23] + adem Xn [Cll - C12 + C21 - C23] 

+ acem 2 [Cll - C12] (C.20) 



16tt 2 AF fe ~ = arfem xt [C22 - C23] + acfm Xa [Cll - C12 + C21 - C23] 

+ adfm 2 [CU - C12] (C.21) 

Appendix D 

Prototype box graphs 

In this Appendix we give the expressions for the prototype box diagrams, with 
couplings indicated in the diagrams, in terms of the Veltman-Passarino functions, 
DO, Dl(i), i = 1 ■ • - 3, D20 and D2(i,j), i, j = 1 ■ ■ -3. These are defined as 





rdH 




1 








= DO 




7T 2 (I 2 


- ml) ((I + Vl ) 2 


- ml) (I + vi + v 2 ) 2 


-mlW 


-v,) 2 


- mf) 




r d 4 l 




V 








= E Dl(i)vf, 
i=i 


l J 


TV 2 (I 2 


- m 2 ){(l + Vl ) 2 


- ml) (I + vi + v 2 ) 2 


-mj)((l 


-v A ) 2 


- mf) 




r dH 




I 2 








= C0(1) +m\ DO 


l J 


n 2 {I 2 


-m 2 ){{l + Vl ) 2 


- ml) (l + vi + v 2 ) 2 


-mlW 


-v,) 2 


- mf) 




r dH 




V l a 








= g pa D20 




TV 2 (I 2 


- m 2 ){{l + Vl ) 2 


- ml) (l + vt + v 2 ) 2 


-mj)((l 


-v A ) 2 


- mf) 



+ ]T D2(i,j)v^ (D.l) 



For the uncrossed box prototypes 1, 2, 3a, 3b, 4a the vectors v\ are 



ri a 
Vl = Pi 



a a 
V 2 = P 2 



V 3 ~ ^2 

v% = -K 

The arguments of the D-functions are 

,2 2 



Di(a) = Di(a)(s,t,0,0,m Xb ,m Xa ,mi,m 2 ,m 3 ,m4) 
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and C0(1) means 

whereas for the crossed box prototypes 4c, 5a and 5b 

n = fx 

v 2 = ~ ^2 
^3 =P2 

< = -K. 

The arguments of the D-f unctions are 

Di(a) = Di(a)(u, t, 0, m^ 6 , 0, m\ a -, m 1? m 2l m 3l m 4 ) 
and C0(1) means 

C0(m^ 6 , 0,t, m\, ml, ml) 

The contributions, AQ Qj jj to the coefficient function Q a ,i,j from each prototype 
box diagram are given below. Diagrams involving internal gauge-bosons are calcu- 
lated in Feynman gauge. 



BOX PROTOTYPE 1 



-1>2 



l T {fP R + hP L ) Y(aP R + bP L ) 

fWVWVX, ' 



m 3 



m 2 



^A/vww 



m4 



Pi 



r UPr + hP L ) l a {cPr + dP L ) 



Figure 19: Box prototype graph 1. 



167T 



i 

■AQ K ,i = m Xa bdf[D0 + Dl(l) + Dl{2) + £1(3) + ,02(3,1) + £2(3,2)] 
— m A bcf 2 [DO + £1(1) + Dl(2)] (D.2) 
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16tt 



2 



S 



AQr,2 = -m Xb bdf 2 [D0 + £1(1) + £1(2) - £1(3) 
+ £2(3,1) + 1)2(3,2) -2 £2(3, 3)] 
+ m A adf 2 [D0 + £1(1) + £1(2) -2£1(3)] (D.3) 



16tt 



2 



■AQ^i = m Xa m 4 a(2/ 2 [£0 + £1(1) + £1(2)] 

- 2mJ a ac/ 2 [DO + £1(1) + £1(2) + £1(3)] 

- m Xb m A bcf 2 [ DO + £1(1) + £1(2) - 2£1(3)] 

- Am\acf 2 D0 

+ acf 2 [2t(D0 + £1(1)) -4C0(1) - 2(s -m)(D1(2) - £1(3))] (D.4) 



1 2 

— AQ^^ = (D.5) 



167T 2 

— — AQfl,4,i = -m Xo m 4 &c/ 2 [£0 + £1(1) + £1(2)] 

s 

+ m Xb m 4 adf 2 [(DO + £1(1) + £1(2) -2£1(3)] 

-4 fed/ 2 £20 (D.6) 



1 67T 2 

AQ Ri4 ,2= -6d/ 2 [D0 + £1(1) - £1(2) + £1(3) + £2(3,1) - £2(3,2)] 

(D.7) 

167T 2 1 

= --m 4 (ad -be) / 2 [£0 + Dl(l) - Dl(2)} (D.8) 

167T 2 . „ 1 



Ag R ,5,2= --m A (ad + bc)f 2 [DO + £1(1) - £1(2)] (D.9) 



16tt 2 



AQ £) i = — m Xb ach 2 [DO + £1(1) + £1(2) - £1(3) 
+ £2(3,1) + 1)2(3,2) -2 £2(3, 3)] 
+ m 4 &c/i 2 [£0 + £1(1) + £1(2) -2£1(3)] (D.IO) 



16vr 



2 



AQ L , 2 = m Xa ach 2 [DO + £1(1) + £1(2) + £1(3) + £2(3,1) + £2(3,2)] 
- m 4 adh 2 [DO + £1(1) + £1(2)] (D.ll) 



22 



16-7T 2 

— AQ LA i = -m Xa m 4 adh 2 [DO + Dl(l) + £1(2)] 

+ m Xb mibch 2 [( DO + 1)1(1) + Dl(2) -2 £1(3)] 

- 4 ac/i 2 £20 (D.12) 



16tt 5 



AQ iA2 = -ac/i 2 [£0 + £1(1) - Dl(2) + £1(3) + £2(3,1) - £2(3,2)] 

(D.13) 



167T 



AQ W = m Xa m 4 6c/i 2 [£0 + £1(1) + £1(2)] 

- 2m 2 Xa bdh 2 [D0 + £1(1) + £1(2) + £1(3)] 

- m Xb m 4 adh 2 [DO + £1(1) + £1(2) - 2£1(3)] 

- Am\bdh 2 DQ 

+ bdh 2 (2t(D0 + £1(1)) -4C0(1) - 2(s -w)(£l(2) - £1(3))] (D.14) 



16tt 5 



L,4,2 



1^2 i 

— AQ L ,5,i = -m 4 (ad - be) h 2 [D0 + £1(1) - £1(2)] 

1 67T 2 1 

AQ i52 = -m 4 (ad +6c)/i 2 [D0 + £1(1) - £1(2)] 

s 4 



(D.15) 
(D.16) 
(D.17) 



BOX PROTOTYPE 2 



~P2 


hP R + fP L 


aP R + 


bP L 








m 3 








k m 2 


mi 


ni4 



PL 



fP R + hP L 



CP R + dP L 



Figure 20: Box prototype graph 2. 
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16n 2 1 

— AQ Ril = -m Xa adf[2Dl(3) + £2(3,1) + £2(3,2)] 
+ \m Xb be f [2 £2(3, 3)- £2(3,1)- £2(3,2)] 
+ \m A acf 2 £1(3) 



1^2 i 

-?-AQ R , 2 = -m Xa bcf 2 [2Dl(3) + £2(3,1) + £2(3,2)] 

+ ^m Xb adf[2D2(3,3) - £2(3,1) - £2(3,2)] 

+ Jm 4 y/ 2 m(3) 

Z 

16vr 2 . ^ 2 



s 

16tt 2 . „ 1 



A = -bcf z D20 



AQ R , 3 ,2 = 7&c/ 2 [D2(3,2) - £2(3,1)] 
AQb.4,1 = - ad/ 2 £20 



16tt 2 



s 

16tt 2 . „ I 



AQ RA , 2 = ^adf [£2(3,2) -£2(3,1)] 
AS B ,5,i = 

A 2^,5,2 = 



s -~^>* 4 

167T 2 

s 

167T 2 



— — AQ^i = -m Xa ad/i 2 [2£l(3) + £2(3,1) + £2(3,2)] 
+ im X6 6c/i 2 [2 £2(3, 3) - £2(3,1) - £2(3,2)] 
+ -m 4 ac/i 2 £1(3) 

Z 



— — AQi i2 = -m Xa 6c/i 2 [2£l(3) + £2(3,1) + £2(3,2)] 

S 4r 

+ ^m X6 ad/i 2 [2£2(3,3) - £2(3,1) - £2(3,2)] 



+ im 4 6d/i 2 £l(3) 

Z 
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AQ U i = -bch 2 D20 



1^2 i 

— AQ^^-k/i 2 [£2(3,2) - £2(3,1)] 

5 4r 



16^ 



AQ L)4jl = -adh 2 D20 



167T 2 1 

AQ Li4i2 = -arf/i 2 [ J D2(3,2) -£2(3,1)] 

5 4r 



167T 2 

16tt 2 



AQ W = 

AQ L , 5 ,2 = 



(D.28) 
(D.29) 
(D.30) 
(D.31) 
(D.32) 
(D.33) 



BOX PROTOTYPE 3a 



-pa hP R + fP L ^(aP R + bP L ) k2 







m 3 / 






\ VflA 






mi ^> 


Pi 


fP R + hP L 


~?°{cP R + dP L ) 



-ki 



Figure 21: Box prototype graph 3a. 



1571- 2 X 

— AQ fl ,i = --m Xa bdf [2£1(3) + £2(3,1) + £2(3,2)] 
+ m 3 adf 2 £1(3) 



(D.34) 



167T 2 1 

AQ fi , 2 = -m Xb &d/ 2 [£2(3,l) + £2(3,2) -2£2(3,3)] 

5 — 

+ m x bcf 2 £1(3) 



(D.35) 
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167T 2 

AQfl, 3 ,i = -m Xa m Xb bd f 2 Dl(3) + m l m ? ,acf 2 DO 

A 2^,3,2 = 



s 

16tt 2 



■AQb.4,1 = ^6d/ 2 K* " m xJ D1 ( 3 ) " mlbdf 2 DO 
+ hdf 2 [4D20 -2C0(1) - (s -i + «)£1(1) 



1^2 i 

— AS fi ,4,2 = ,6d/ 2 [m(l) - £1(2) + 1)2(3,1) - £2(3,2)] 

^AQ R , 5il = iferf/ 2 (m Xb - m Xa ) [Dl(l) - Dl(2)} 
IQn 2 1 

— AQ RA2 = -bdf 2 (m Xb + m x J[£l(l) - £1(2)] 



— —AQ Ljl = -m Xb ach 2 [D2(3,l) + £2(3,2) -2£2(3,3)] 

S Zi 

+ mi ad h 2 Dl(3) 



" >7r AQ Li2 = --m Xa acfr 2 [2 £1(3) + £2(3,1) + £2(3,2)] 



s ' 2 

+ m 3 bch 2 Dl(3) 



■AQi, 3 ,i = -ach 2 (m 2 Xb -m 2 Xa ) £1(3) - m\ach 2 DO 

+ iac/i 2 [4£20 -2C0(1) - (s - t +u)Dl(l) 



|g 2 i 

— AQl,3,2 = ^c/i 2 [Z)1(1) - £1(2) + £2(3,1) - £2(3,2)] 

S Zi 
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AQ £ 4i1 = —m Xa m Xb ach 2 Dl(3) + mim 3 b d h 2 DO 



16tt 5 



AQ 



L,4,2 



16 2 1 

>T Afi L|Bl i= ^c^K -m^M^l) - Dl(2)} 



s 

167T 2 



AQ Li5 , 2 = --ac/ i 2 (m Xb + m Xa )[Dl(l) - Dl(2)} 



(D.46) 
(D.47) 
(D.48) 
(D.49) 



BOX PROTOTYPE 3b 

-p 2 7" (fPR + hP L ) aP R + bP L 



PL 



la{fP R + hP L ) cP R + dP L 





TO 3 












mi 





Figure 22: Box prototype graph 3b. 



16tt' 



--m Xa 6c/ 2 [/J2(3,l) + 1)2(3,2)] 
m 3 ac/ 2 [Dl(l) + Dl(2)] 



(D.50) 



— — AQij i2 = -m Xb bcf 2 [2Dl{3) + D2(3, 1) + D2(3,2) -2£>2(3,3)] 

5 — 

+ Kn x bdf 2 [2 DO + Dl(l) + Dl(2) -2D1(3)] (D.51) 



16^ 



AQb, 3 ,i = m Xa m Xb bcf 2 Dl(3) + m x m z adf 2 DO 
+ ^m Xa m 1 bdf[2DQ + Dl{\) + Dl{2)\ 



+ -m X( m 3 ac/ 2 [2Dl(3) - Dl(l) - Dl{2)} (D.52) 
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— AQ W = (D.53) 



— AQ^i = -m X6 mi6d/ 2 [2D0 + Dl(l) + Dl(2) -2D1(3)] 
- ^m x m 3 ac/ 2 [Dl(l) + Dl(2)] - raft cf DO 
+ ^6c/ 2 [4D20 -2C0(1) - (s + *-u)Dl(l) 



(s-t + u) Dl(2) + 2 m 2 Dl(3) (D.54) 



Hi—' . „ 1 . , 



AQ R , 4 , 2 = --& C / 2 [m(l) - Dl(2) - D2(3,l) + £2(3,2)] (D.55) 



s ' ' 2 



-^AQ, A1 = -/ 2 (K n -m Xb )bc- m x bd + m 3 oc)[Dl(l) - Dl(2)] (D.56) 



167T 2 1 

AS B , 5 ,2 = --/ 2 (K +m Xk )6c+m 1 6d + m 3 ac)[m(l) - £1(2)] 

5 o 

(D.57) 



16 ^ 1 

— — AQ i; i = -m Xb a d/i 2 [2D1(3) + D2(3, 1) + D2(3,2) -21)2(3,3)] 

+ - mi ac/i 2 [2 DO + Dl(l) + Dl(2) - 2D1(3)] (D.58) 
2 



a n 2 1 

— -AQl,2 = --m Xa ad/i 2 [£2(3,1) + £2(3,2)] 

- -m 3 bdh 2 [£1(1) + £1(2)] (D.59) 
2 



^Laq Lj3i1 = -m Xi miac/i 2 [2D0 + £1(1) + £1(2) -2 £1(3)] 

- \m Xa m z bdh 2 [Dl{l) + £1(2)] - m 2 a d h 2 £0 

+ )-adh 2 [4 £20 - 2 C0(1) -(s + t-u) £1(1) 

-(s-t + u) £1(2) + 2 m 2 ft £1(3)] (D.60) 
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16-7T 2 1 

AQl, 3 ,2 = --adh 2 [Dl(l) - £1(2) - £2(3,1) + £2(3,2)] (D.61) 

S — 



16tt 5 



^Ql,4,i — m Xa m Xb a d h 2 D 1(3) + mim 3 bch 2 DO 



+ -m Xa m ia ch 2 [2D0 + £1(1) + Dl(2)} 
+ \m Xb m 3 bdh 2 [2D\(3) - Dl(l) - Dl(2)) 



(D.62) 



16?r 



AQ L , 4 ,2 = 



(D.63) 



16tt 2 1 

__Ag Li5jl = -h 2 ([m Xa -m Xb )ad- m x ac + m 3 bd) [£1(1) - £1(2)] (D.64) 



16?r' 



AQl,5,2 = vh 2 ((m Xa +m Xb )ad + m x ac + m 3 bd) [£1(1) - £1(2)] (D.65) 



BOX PROTOTYPE 4a 

_ P2 + fP L 



aP R + 6P L 




777,4 



Pi 



/Pr + ftP L cP R + rfP L 



Figure 23: Box prototype graph 4a. 



167T 2 1 

AQ^i = -m Xb adf 2 [2Dl{3) + £2(3,1) + £2(3,2) - 2 £2(3, 3)] 

S 4r 

+ Jmiac/ 2 [2£0 + £1(1) + £1(2) - 2£1(3)] (D.66) 
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-^-AQ R>2 = --m Xa adf 2 [D2(3,l) + 02(3,2)] 

- \m z bdf [01(1) + 01(2)] (D.67) 



— AQr,3,i = -m Xb m ia cf 2 [2 00 + 01(1) + 01(2) -201(3)] 

- ^m Xa m 3 W J 2 [01(1) + 01(2)] - l - m \adf 2 DQ 

+ ^ad/ 2 [4 02O -2C0(1) - (s + t-u)Dl(l) 

-(s - t + u) Dl(2) + 2m X( 01(3)] (D.68) 



-i 2 1 

—AQ R ^ 2 = --adf 2 [Dl(l) - 01(2) - 02(3,1) + 02(3,2)] (D.69) 

S 4r 



— j-AQj^i = ^m Xa m Xb a d f 2 01(3) + -mim 3 k/ 2 00 
+ im Xa miac/ 2 [2 0O + 01(1) + 01(2)] 
+ im X6 m 3 6 rf/ 2 [2 01(3) - 01(1) - 01(2)] (D.70) 



1 2 

— AQ W = (D.71) 



— AQ fl)5il = -/ 2 (K -m x Jad- rmac + m 3 bd)[Dl(l) -01(2)] (D.72) 

5 o 



-^AQ fi ,5,2 = ^f{{m Xa +m Xb )ad+ m x ac + m 3 6d)[01(l) - 01(2)] 

(D.73) 



. „ 1 , , 



AQ L ,i = --m Xa 6c/i 2 [02(3,1) + 02(3,2)] 



s ' 4 



im 3 ac/i 2 [01(1) + 01(2)] (D.74) 
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16tH . „ 1 



AQ L , 2 = -m Xb bch 2 [2Dl(3) + £2(3,1) + £2(3,2) - 2,02(3,3)] 



s ' 4 



+ imibd/i 2 [2D0 + £1(1) + £1(2) -2£1(3)] (D.75) 



^-AQ Li3) i = ^m Xa m Xb bch 2 Dl(3) + ]^rnim z adh 2 DO 
+ -^m Xa m x bdh 2 \2D0 + £1(1) + £1(2)] 
+ ^m Xi m 3 a c/i 2 [2 £1(3) - £1(1) - £1(2)] (D.76) 

^AQ L , 3 ,2 = (D.77) 



—!L^Q LA1 = -m Xbmi bdh 2 [2D0 + Dl(l) + Dl(2) -2 £1(3)] 

- ^-m Xa m 3 ach 2 [£1(1) + £1(2)] - im 2 6c/i 2 £0 

+ ^bch 2 [4D20 -2C0(1) - (s + t-u)Dl(l) 

-(s - t + u) £1(2) + 2 m 2 fc £1(3)1 (D.78) 



-| n 2 1 

^AQ Li4i2 = --fe C /i 2 [Dl(l) - £1(2) - £2(3,1) + £2(3,2)] (D.79) 

16 ^ 1 

" ,r AQ Lj5>1 = -/ i 2 ((m Xa -m X6 )6c- m^d + m z ac)[Dl{\) - £1(2)] (D.80) 



s '°' 8 



— AQ L , 5 ,2 = -— /i 2 ((m Xa +m x J6c+ mi&d + m 3 ac) [£1(1) - £1(2)] 

S X 

(D.81) 



BOX PROTOTYPE 4b 

)?r AQ R;1 = -m Xb adf 2 [Dl(2) - £2(3,1) + 2 £2(3, 2) - £2(3,3)] 



s ' 4 



+ imiac/ 2 [DO - Dl(l) + 2D1(2) - £1(3)] (D.82) 
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Figure 24: Box prototype graph 4b. 



16n 2 1 

—AQ R , 2 = -m Xa adf 2 [Dl(l) + Dl(3) + D2(3, 1) + D2(3,3)] 

- ^m 3 bdf 2 [Dl(l) + Dl(3)] (D.83) 



AQhai = iarf/ 2 (mj a - m y [Dl(l) - Dl(2) + £>1(3)] + J m 2 a d f DO 



167T 

s 

1 



+ ^m Xb miac/ 2 [D0 - Dl(l) + 2D1(2) - Dl(3)] 

^mafed/^D^l) + £1(3)] 

^ad/ 2 [8L>20 - 4C0(1) + (s + *-3m)D1(1) 
8 

-(s + t + u) (Dl(2) + Dl(3))] (D.84) 



167T 2 1 

—AQ RA2 = --adf 2 [Dl(l) + D2(3,l) - £2(3,3)] (D.85) 



16ir 2 1 1 

— AQ^i = -m x m Xb adf[Dl(l) - Dl(2) + Dl(3)] + -m 1 m 3 6c/ 2 -DO 

- im^Trnoc/^DO + Dl(l) + Dl(3)] 

- ^m Xb m 3 bdf 2 [Dl(l) - 2D1(2) + Dl(3)] (D.86) 



167T 2 

— AQr,4,2 = (D.87) 
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— AQ fll 5,i = -\adf 2 m Xb [£1(1) - £1(2)] + \ad f 2 m Xa Dl(3) 

So o 

+ lm 3 bdf [Dl(l) - Dl(3)] + lm ia cf 2 [D0 + £1(1) - £1(3)] (D.88) 



^AQ R , 5i2 = ^adfm Xb [£1(1) - £1(2)] + d / 2 m Xa £l(3) 
+ l m3 &d/ 2 [£l(l) - £1(3)] --^m iaC f 2 [DO + £1(1) - £1(3)] (D.89) 



)7F -AQ Lil = -m Xa 6c/i 2 [£l(l) + £1(3) + £2(3,1) + £2(3,3)] 



s 4 



im 3 ac/i 2 [£1(1) + £1(3)] (D.90) 



16tt 2 . „ 1 



AQ Li2 = -m X6 6c/i 2 [£l(2) - £2(3,1) + 2 £2(3, 2) - £2(3,3)] 



s ' 4 



+ ^ mi bdh 2 [DO - £1(1) + 2£1(2) - £1(3)] (D.91) 



1^LaQ Li3i1 = ^-m Xa m Xb be h 2 [£1(1) - £1(2) + £1(3)] +-m 1 m 3 adh 2 DO 
s 4 2 

- im Xa miferf/i 2 [£0 + £1(1) + £1(3)] 

- ^m Xb m 3 a ch 2 [£1(1) - 2 £1(2) + £1(3)] (D.92) 

1 P. 2 

— AQ L , 3 , 2 = (D.93) 



16tt 2 



AQlai = ^c/i 2 (m 2 a -m 2 Xb ) [£1(1) - £1(2) + £1(3)] + l -m\bch 2 DO 
+ Im^y^lDO - £1(1) + 2 £1(2) - £1(3)] 

- -m Xa m z ach 2 [£1(1) + £1(3)] 

- ifec/i 2 [8 £20 - 4C0(1) + (s + t-3w)£l(l) 

-(s + t + u) (£1(2) + £1(3))] (D.94) 
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1 6tt 2 1 

-—AQ LA2 = --bch 2 [Dl{l) + £2(3,1) - £2(3,3)] (D.95) 



167T 2 1 1 

ASl,5,i = --bch 2 m Xb [Dl(l) - Dl{2)) + -bch 2 m Xa Dl{3) 

So o 

+ \m 3 ach 2 [Dl(l) - Dl(3)] + ^-rrixbdh 2 [DO + £1(1) - £1(3)] (D.96) 
8 8 



16n 1 I 

— Ag ij5 , 2 = -—bch 2 m Xb [£1(1) - £1(2)] - — bch 2 m Xa Dl{3) 

- ^-m 3 ach 2 [£1(1) - £1(3)] + \-m x bdh 2 [£0 + £1(1) - £1(3)] (D.97) 
16 16 



BOX PROTOTYPE 5a 

-p 2 7 a (fPR + hP L ) aP R + bP L 




Pi fP R + hP L la{cP R + dP L ) ^ 



Figure 25: Box prototype graph 5a. 



1 67T 2 1 

AQ R>1 = --m Xa bdf[Dl(2) + £2(3,1) + £2(3,3)] 

S — 

+ m 3 adf 2 Dl(2) 



(D.98) 



1^2 i 

—AQ R>2 = --m Xb bdf 2 [Dl(2) - £2(3,1) + 2£2(3,2) - £2(3,3)] 

+ l -m x bcj 2 [DO - Dl(l) + 2D1(2) - £1(3)] (D.99) 



16-/T 2 1 

= --m Xa m x bcf\D0 + £1(1) + £1(3)] + mi m 3 acf 2 D0 (D.100) 

5 — 
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— AQ w = (D.101) 



_JLaQ R4i1 = -m Xb mibcf 2 [DO - Dl(l) + 2D1(2) - Dl(3)] + 2bdf 2 D20 

(D.102) 

16 ^ 1 

^ L AQ R ,4,2 = -^/ 2 [^l(2) + ^2(3,1) - I>2(3, 3)] (D.103) 

S Z 

' i;T = ^xbc/ 2 [DO + Dl(l) - Dl(3)] (D.104) 

AQk,5,2 = Jmxftc/ 2 [DO + Dl(l) - Dl(3)] (D.105) 



s ^ 4 

16tt 2 „ 1 



167T 2 1 

AQ L ,i = --m Xb ach 2 [Dl{2) - D2(3, 1) + 2D2(3,2) - D2(3,3)] 

+ ^mi ad ft 2 [DO - Dl(l) + 2D1(2) - Dl(3)] (D.106) 

Z 



16 ^ 1 

_A_AQ Li2 = --m Xa ac/i 2 [Dl(2) + D2(3, 1) + D2(3,3)] + m 3 bch 2 Dl(2) 

(D.107) 



— A2l,3,i = ^m Xb miadh 2 [DO - Dl(l) + 2D1(2) - Dl(3)] + 2ac/i 2 D20 

(D.108) 

167T 2 1 

AQ L ,3, 2 = -ac/i 2 [Dl(2) + D2(3,l) - D2(3,3)] (D.109) 

5 Z 

)7f AQ L)4 ,i = —-m Xa miadh 2 [DO + Dl(l) + Dl(3)] + mi m 3 bdh 2 DO (D.llO) 

AQ L ,4,2 = (D.lll) 



s 2 

16tt 2 



167T 2 1 

AQ £)5) i = -r^ad/i 2 [DO + Dl(l) - Dl(3)] (D.112) 

16^ 2 . „ 1 



AQ Li5 , 2 = --rmadh 2 [DO + Dl(l) - Dl(3)] (D.113) 
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-P2 



hP R + fP L la{aP R + bP L ) 




Pl l a {.fPii + hP L ) cP R + dP L fc i 

Figure 26: Box prototype graph 5b. 



BOX PROTOTYPE 5b 



167T 2 . „ 1 



AQ fl ,i = --m Xa bcf[Dl(l) + £1(3) + £2(3,1) + £2(3,3)] 



s ' 2 



- Jm 3flC / 2 [£1(1) + £1(3)] (D.114) 



— — — A<2 Ri2 = im Xft 6c/ 2 [Dl(l) - 2£1(2) + £1(3) 

+ £2(3,1) - 2 £2(3, 2) + £2(3,3)] 
- rmbdflDO + £1(2)] (D.115) 



-^AQ, i3 ,i = --m Xb m 3 acf[Dl{\) - 2 £1(2) + £1(3)] + mi m 3 adf 2 D0 

(D.116) 

167T 2 

— AQ w = (D.117) 



— AQ R ,4,i = --m Xa m 3 acf 2 [D1{1) + £1(3)] + 2bcf 2 D20 (D.118) 

5 ^ 



167T 2 . „ 1 



AQfl,4,2 = -bcf 2 [Dl(l) - £1(3) + £2(3,1) - £2(3,3)] (D.119) 



s l " 2 

167T 2 . „ I 



AQ fl , 5 ,i = -rm 3 acf 2 [£1(1) - £1(3)] (D.120) 
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1^2 i 

-fAQ^ = --m 3 ac/ 2 [£1(1) - £1(3)] (D.121) 



16 ^ 1 

-JLaQ Lj1 = -m Xb adh 2 [£1(1) - 2 £1(2) + £1(3) + 1)2(3,1) -2 £2(3,2) + £2(3,3)] 
- mi ac/i 2 [DO + £1(2)] (D.122) 



1^2 i 

— AQ ii2 = --m Xa ad/i 2 [£l(l) + £1(3) + L>2(3,1) + £2(3,3)] 

- \m 3 bdh 2 [£1(1) + £1(3)] (D.123) 



16 ^ 1 

— AQ IA i = — m Xa m 3 bdh 2 [Dl(l) +£1(3)] + 2adh 2 D20 (D.124) 

5 2 



1^LaQ L;3i2 = ^ad/i 2 [£1(1) - £1(3) + £2(3,1) - £2(3,3)] (D.125) 

5 2 



16 ^ 1 

_JLaq L41 = — m Xb m 3 bdh 2 [£1(1) - 2£1(2) + £1(3)] + m x m 3 bch 2 DO 
s 2 

(D.126) 

167T 2 

AQl,4,2 = (D.127) 



167T 2 1 

AQ L)5l i = -m 3 bdh 2 [£1(1) - £1(3)] (D.128) 

16^ 2 . „ 1 



AQl, 5 , 2 = -m 3 bdh 2 [£1(1) - £1(3)] (D.129) 



All other box diagram prototypes that give contributions to these amplitudes 
can be obtained from the above box prototypes by means of crossing relations (e.g. 
u <-> t, and m Xa <-> m Xb ). 
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